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Abstract
We consider the CP violating asymmetries produced in the decay of heavy
particles, studying the eects of heavy particle mixing for arbitrary mass splittings.
A considerable enhancement of the asymmetries is achieved when the masses of the
mixed states are comparable, and the enhancement is maximal for mass splittings
of the order of the widths of the decaying particles. We apply the results to the
particular case of heavy scalar neutrino decays relevant for leptogenesis scenarios.
The violation of CP is one of the crucial ingredients identied by Sakharov [1] as
necessary conditions for a dynamical generation of the baryon asymmetry of the Uni-
verse. Since the known CP violation in the standard model is probably too small to be
helpful in generating the observed baryon asymmetry, the existence of new CP violating
interactions in most of the extensions of the standard model is particularly welcome from
this point of view. In the usual scenarios of baryon (or lepton) number generation by the
out of equilibrium B (or L) violating decays of heavy particles, the CP violation arises
in general from the interference of the tree level and one loop decay amplitudes, which
allow the phases in the complex couplings involved to show up in the partial decay rate
asymmetries. The one loop contribution which is usually taken into account is the so
called `vertex' one, in which two light particles produced in the decay of a heavy one
exchange another heavy particle to produce the required nal state (Fig. 1b). However,
many of the scenarios studied involve (and even require
1
) more than one `avour' of
heavy particles, allowing then for a further possibility to produce CP violation.
This new possibility arises from the so called `wave{function' contribution [3, 4, 5, 6,





, which then decays to the nal state as shown in Fig. 1c. This wave
contribution turns out to be comparable to the vertex one when the heavy states have
large mass splittings, and may be signicantly enhanced for nearly degenerate states.
The asymmetry in a global quantum number N (for instance B or L) produced in















where the quantity of interest to us is the partial rate asymmetry per decay into nal
1
The existence of just one heavy triplet scalar in the minimal SU(5) theory was actually considered a
problem as regards the baryon number generation, since the CP violation appeared only at three loops
[2].
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! f) is just the branching ratio for the decay of particle 
a
into the nal
state f . The wave function contribution to this quantity behaves, in the limit of large











, due to the propagator of the intermediate state

b




. A general approach to
study this quantity for arbitrary mass splittings has been considered in ref. [8]. It is our
purpose here to extend the formalism developed in ref. [8] and apply the results to the
study of leptogenesis scenarios, for which a computation of the CP violation for large
mass splittings was recently obtained [7].
To be specic, we will consider the case in which the heavy decaying particles are
scalars, and ignore the vertex CP violation eects, which can be studied separately. The
wave function mixing will have the eect of inducing an absorptive part in the heavy
particle propagators, which will be responsible for the generation of the asymmetry. The
eect of the one{loop self{energy diagrams in the propagators will be to modify the
















where the renormalised mass matrixM
2
includes the dispersive part of the loops while the
matrix  
2







is not. Hence, H
2
will be diagonalised in general by a non{unitary transformation













This matrix V will then transform the initial `avour' states j
a














































Considering then the transition amplitude from the state j
a











describes the interactions of 
a
with the nal state particles. From the




































The dierential partial decay rate asymmetries arising from particle mixing will be pro-














It is interesting to notice that, in the limit of degenerate propagation eigenstates, i.e.
!
c
= !, these asymmetries vanish, as can be seen from eqs. (9,10).
To continue we will concentrate in the case of mixing between just two particles, for
which the matrix V can be parameterised in terms of two complex mixing angles,  and
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The appearance of V
 1
















































































































































In the case in which the initial state under consideration is an eigenstate of the (renor-

























































and a similar result holds for 
f2





We will then compute in detail the integrated rate asymmetry in this case. The




















the phase space element of particle 
a




















=16 in our case of two body scalar decay.












































































































=2. The result for F
2









in the expression for F
1
.































becomes just the total width of particle 
a
. Hence, the
results obtained in the literature in the limit of large mass splittings can be recovered.
For decreasing mass splittings, the function F
1
























The value of F
1





























j, i.e. in the limit of small mass
























































































































j the two propagation eigenstates become degen-
erate, and in fact for this mass splitting 
w
fa
= 0, but it will be non{vanishing otherwise.
















Let us also emphasise that a crucial ingredient in all this computation is the proper
specication of the initial state. The asymmetry of course depends on the starting ba-
sis for 
a
considered, and hence on the process which produces the initial state, so
that ignoring the mixing at production would lead to incorrect results. For instance,
in the case in which M
2













= 0 now. However, these new states may not be the quantum states generated in
the production process, and therefore the new basis may not be the appropriate one to
compute the resulting asymmetry.
Let us now consider the particular example of lepton number generation in the out
of equilibrium decay of heavy scalar neutrinos, i.e. the supersymmetric version of the
Fukugita and Yanagida scenario [10]. In these type of models [11, 12, 13, 14, 15], the
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mixing, where those constraints are imposed by CPT relations, and for which the
integrated CP violating asymmetries are non{vanishing [9].
6
decay of the electroweak singlet (s)neutrinos, with masses M  TeV, produces a lepton
asymmetry. This is then partially converted into a baryon asymmetry [16] by the eects
of the anomalous B + L violation in the standard model [17], which is in equilibrium at
temperatures larger than the electroweak phase transition one (' 10
2
GeV). The study
of the CP violation in these models, considering both the `vertex' part as well as the
`wave' contribution in the limit of large mass splittings, was carried out recently [7]. We





























































Since we are interested in the possible implications of small mass splittings, we will
assume that the right handed neutrino masses consist of two almost degenerate states,
with the third one being much heavier and hence eectively decoupled from the mixing
mechanism. In this case, the eects of the third scalar neutrino can be included indepen-
dently, and the mixing eects can be studied with the two avour formalism discussed
before. It is particularly interesting that scenarios with this type of spectrum have been
widely considered in the literature [19], and can naturally arise in SO(10) models.
We will assume that sneutrinos are produced out of equilibrium by a certain unspec-
ied mechanism (e.g. if sneutrinos are inaton decay products [13] or the inaton itself
4
There has been a recent attempt to study the asymmetry in heavy Majorana neutrino decays in the
limit of small mass splittings [18], but those results are however at variance with ours. For instance, we












as in ref. [18], although we
expect similar results for neutrino and sneutrino decays in the supersymmetric model considered here.
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, of the mass matrix (so that M
2
12
= 0). Hence, the asymmetry
will be given by eqs. (20,21), where in this model a direct computation of the absorptive





























condition. The rst contribution to the r.h.s. of eq. (27) is given by the slepton and
Higgs loop, while the second by the lepton and Higgsino one.



























s, so that only

































































, and only the rst term in the r.h.s. of eq. (27)
contributes to the total asymmetry. Since now L
f
=  1, we end up with the same
contribution as the one coming from the slepton channel. (Notice that the asymmetry
in a given nal state channel results from the mixing generated by a loop involving the
particles of the other nal state channel.)













































are simultaneously, but incoherently, produced, one needs just to add the asym-
metries from both decays.
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which coincides with the expression obtained in ref. [7].
In gure 2 we plot the total asymmetry 
w
1
for arbitrary mass splittings, normalised
to the vertex contribution 
v
1









































contains actually the same combination of Yukawas appearing in the
wave function contribution 
w
1





g), so that the CP violating
phase cancels in the ratio.




















. In the limit of large mass splittings, the wave
contribution approaches twice the value of the vertex one, as expected [7]. For decreasing
mass splittings (x! 1), the enhancement in the wave contribution due to the mixing of















(corresponding to x ' 1:05 in this case) as discussed in eq. (23).
The dotted line corresponds to the asymptotic expression for the wave contribution
















, the enhancement in the wave contribution is larger (and can be
in principle of many orders of magnitude), and the asymptotic expression is valid down












































long as this last stays much smaller than  
2
22







, the maximum enhancement is somewhat smaller but the general behaviour
remains similar.
It is important to keep in mind that the vertex and wave contribution arising from




may however be larger than the one




, even taking into account the possible
enhancements for small mass splittings, due to the probably larger Yukawa couplings
involved and the unknown size of the CP violating phases appearing in both channels
(for three families, there are actually three independent CP violating phases entering in
the asymmetry [20]).
In conclusion, we have considered in detail the integrated CP violating asymmetries
arising from heavy particle mixing, and studied the eects that appear when the mass
splittings are of the order of the particle widths. The large enhancements which can be
achieved can be helpful to explain the observed baryon asymmetry of the Universe, as
we have exemplied with the study of a scenario for leptogenesis.
We would like to thank Francesco Vissani for useful comments on the manuscript and
for discussions. We also thank A. Masiero for discussions.
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Figure captions:
Figure 1: Diagrams which interfere to produce the CP violation in the heavy particle
decay. Fig. 1b gives the so called vertex contribution while Fig. 1c gives the wave function
one.
Figure 2: Wave function contribution to the CP asymmetry, normalised to the vertex
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